One sentence summary: An overview of Starmerella bombicola research is given; from the discovery to its current classification, cell biology, biochemistry, genetics and molecular biology of this sophorolipid biosurfactant producing yeast.
The yeast Starmerella bombicola is used as a microbial producer of the industrially relevant biosurfactant sophorolipids, which can be applied in food, pharmaceutical, cosmetic and cleaning industries (Solaiman et al. 2018) . Although this yeast has been the subject of many research papers and is one of the few organisms applied for the industrial production of biosurfactants, it remains relatively unknown. From the discovery to date, only 335 unique records were published worldwide (PubMed, Web of Science). In comparison, the model yeast Saccharomyces cerevisiae has ∼15 000 published records on Web of Science alone. Nevertheless, there was a considerable increase in publications on S. bombicola, as 66% of the total amount of papers were published in the last decade (Fig. 1A) , showing the increasing interest in this yeast, both in science and in industry. The majority of publications are research papers; other articles are reviews, meeting abstracts and proceeding papers (Fig. 1B) . When clustering the publications per subject, the top three topics are revealed: research on substrate utilization and medium optimization (23%), on applications of sophorolipids (21%) and on the production of new molecules, either by fermentation with S. bombicola or by chemical/enzymatic conversion of sophorolipids (16%); (Fig. 1C) . Most of the research articles hence focus on sophorolipid production, only 18.5% focus on the yeast itself (Fig. 1D ). On top of that, not one of the published reviews deals in detail with the organism itself, they all focus on the glycolipids it produces. Therefore, this review aims to give a complete overview on fundamental studies concerning S. bombicola and to highlight the gaps in our knowledge about this industrially relevant yeast. This is of importance as the integration of all fundamental knowledge on S. bombicola holds the key towards improving sophorolipid production and broadening the potential of S. bombicola as a production host in general. Though this organism is being developed as a platform organism for the production of (new-to-nature) biochemicals, it is clear that a lot of improvement and elaboration is indispensable to unlock its full potential (Zerkowski and Solaiman 2007; Roelants et al. 2013; Van Bogaert et al. 2013) . In addition, the information gathered in this review is also useful for other (non-)conventional yeast species that produce useful (secondary) metabolites. Considering for example the progress made in the development of metabolic engineering tools for S. bombicola, it is only a matter of time until other 'exotic' yeasts will be unlocked (Lodens et al. 2018b) .
This literature review is the first complete overview of research on S. bombicola, from discovery and taxonomy, to cell biology and biochemistry, the genetic and molecular biology and finally the yeast as a production host of sophorolipids. For the most recent and complete review about sophorolipid production and their applications, we refer to Solaiman et al. (2018) .
NOMENCLATURE AND TAXONOMY
The yeast S. bombicola was originally discovered in honey of bumblebee in Canada and in concentrated grape juice in South Africa. It was named Torulopsis bombicola by Spencer, Gorin and Tulloch (1970) because of its frequent occurrence in close association with bumblebees (Bombus). The discovery of this novel species was accompanied with the discovery of extracellular hydroxy fatty acid sophorosides associated with it, nowadays known as sophorolipids. The species was initially classified with proton magnetic resonance spectra of yeast mannose-containing polysaccharides (Spencer, Gorin and Tulloch 1970) . The yeast was reclassified as Candida bombicola, because the inability of Torulopsis species to form pseudohyphae was not enough to discriminate from the Candida genus (Yarrow and Meyer 1978) . Candida bombicola was initially observed as a non-sporulating yeast species (anamorph), and this property was utilized for its identification. Later, conjugation has been observed between some isolates from Rosa et al. and the type strain of C. bombicola (Spencer, Spencer and Reynolds 1988; Ok and Hashinaga 1997; Rosa and Lachance 1998) . This resulted in the introduction of the new genus Starmerella to accommodate the teleomorph of C. bombicola in 1998. Starmerella was named after William T. Starmer, in honor of his mayor contributions to the ecology and evolution of yeasts associated with plants and insects (Rosa and Lachance 1998) . Since the XVIII International Botanical Congress one fungus can only have one name, the name of the teleomorph, so C. bombicola was renamed to S. bombicola (Mcneill et al. 2012) . The type strain of S. bombicola is CBS 6009 T , other common strain numbers are enlisted in Table 1 (Spencer, Gorin and Tulloch 1970) . The designated isotype is strain UWO(PS)97-118(I), (h-; CBS 8451 I) isolated from hedge bindweed (Rosa and Lachance 1998) . Like with many other fungi, the phylogeny of S. bombicola continues to evolve as new technologies present novel insights on its relationship to various other biological species. Classification is mostly based on the D1/D2 variable region at the 5 end of Starmerella bombicola situated among some well-known budding yeasts. DNA sequences (D1/D2 variable region) were obtained from NCBI. Robust phylogenetic tree construction has been performed with a succession of MUSCLE for multiple alignment, Gblocks for alignment curation, PhyML for phylogeny and finally TreeDyn for tree drawing (Dereeper et al. 2008 ( Teixeira et al. 2003; Rosa et al. 2007; Jindamorakot et al. 2008; Nakase et al. 2010; Kurtzman 2012; Limtong et al. 2012; Daniel et al. 2013; Li et al. 2013; Sipiczki 2013; Melo et al. 2014; Sipiczki 2015; Alimadadi et al. 2016; Zhang et al. 2017) . In addition to novel species of Starmerella, one strain previously identified as Saccharomyces bacillaris was reassigned to Starmerella bacillaris (CBS 1713); and one strain used in wine fermentation named DBVPG 3827, previously belonging to Candida stellata, was reclassified as S. bombicola (CBS 6009 T ); (Sipiczki, Ciani and Csoma 2005; Duarte et al. 2012) . For the most recent published phylogenetic tree of the Starmerella clade based on LSU rRNA gene D1/D2 domains sequences and ITS regions, we refer to the most recent paper of Zhang et al. (2017) .
HABITAT
Knowledge on the natural habitat of S. bombicola provides insight into the diverse substrates S. bombicola lives on. The typical description 'The habitat of S. bombicola is flowers and insects' (Rosa and Lachance 1998) , lacks in specifics as various researchers isolated the yeast from different locations in North and Central America, Europe, Asia, Pacific islands and South Africa. Hence, a more thorough overview of its habitats is summarized below (Fig. 3) . For an exhaustive list of the habitat per collected isolate, we refer to a paper of Lachance et al. (2011) .
Insects
The type strain of S. bombicola (CBS 6009 T ) was discovered in the honey of the genus Bombus (bumblebees) in Canada (Spencer, Gorin and Tulloch 1970) . Starmerella bombicola was also isolated from the glossa (tongue) of Bombus pratorum, the early bumblebee, in Spain; and from the body surface of Bombus lapidaries, the red-tailed bumblebee, in Germany (Lachance et al. 2011) . Furthermore, S. bombicola was described as the most prevalent yeast taxon associated with Megachile rotundata, the alfalfa leafcutter bee, in Canada (especially in nectar and pollen); (Inglis, Sigler and Goetel 1993) . It was also found in Trigona fulviventris, a stingless bee, in Costa Rica. Moreover, several nonspecified bees were described as a habitat for S. bombicola in Costa Rica, Canada, Malaysia and Hawaii (Lachance et al. 2011) .
Starmerella bombicola was also found in various flowers at several locations on several species of nitidulid beetles (sap beetles) belonging to the family of Nitidulidae. For example, S. bombicola was isolated from the beetle Conotelus obscurus residing in the flowers of two types of bindweed in the United Kingdom and Canada. It was also obtained in Fiji from another beetle, Aethina concolor, belonging to the same family. Non-specified species named as habitat of S. bombicola were a fly from Canada and an insect from Italy (Lachance et al. 2011) .
Flowers
Several S. bombicola isolates were isolated from flowers of Calystegia sepium (hedge bindweed) in the United Kingdom and USA (Rosa and Lachance 1998) . Though S. bombicola was never found directly on flowers of Convolvulus arvensis (field bindweed), some strains have been isolated from beetles residing in these flowers, so this is a possible habitat of S. bombicola as well. Starmerella bombicola was also found in Knautia longifolia nectar (widow flower nectar) in Germany and on the flowers of Digitalis obscura (Sunset Foxglove) in Spain (Lachance et al. 2011 ).
Other
Starmerella bombicola was initially also identified in concentrated grape juice in South Africa by J. P. van der Walt (Lachance et al. 2011) . Later on, during the identification of sugar-tolerant yeasts in high-sugar fermented vegetable extracts for the future manufacturing of novel functional food products, one S. bombicola strain was isolated (Ok and Hashinaga 1997) . Finally, one strain of Candida stellata (DBVPG 3827), now reclassified as S. bombicola, is known to be present in wine fermentations. It can survive during the whole fermentation and plays an important role in the determination of aroma properties of certain wines (Sipiczki, Ciani and Csoma 2005) .
Considering that most strains were isolated from insects associated with flowers, Rosa et al. noted the following about S. bombicola: 'This indicates a specialization towards a common niche, and a possible association with nectar-feeding insects as their principal habitat.' (Rosa and Lachance 1998) .
PATHOGENICITY
Bearing in mind the natural habitat of S. bombicola strains, there is a strong history of this yeast in nutrition. Starmerella bombicola is naturally present in concentrated grape juice and in highsugar fermented vegetable extracts and honey, among other sources. Moreover, it is explicitly used in wine fermentations for its aroma properties. Therefore, S. bombicola is recognized as a well-characterized species, not known to cause disease in healthy adult humans (ATCC C strain number: 22214). Nevertheless, the yeast is not officially classified 'Generally Regarded as Safe' (GRAS) by the American Food and Drug Administration (FDA), nor are the sophorolipids it produces (FDA C GRAS notices). Working with S. bombicola requires a biosafety level 1 laboratory.
CELLULAR CHARACTERISTICS

Morphology
Starmerella bombicola is a budding yeast about the size of 2-3.8 × 2.5-5 μm with ovoid to ellipsoidal shaped cells (Ok and Hashinaga 1997; Rosa and Lachance 1998) . The yeast exhibits diverse colony morphologies that depend on the growth conditions. For example, on malt agar, colonies appear to be small, convex and white. No filamentous growth (pseudomycelia or true mycelia) was observed, verified with the Dalmau plate method (Rosa and Lachance 1998) .
Cell wall
Glucose (43%) and mannose (57%), but no galactose, were detected in cell hydrolysates of S. bombicola (Suzuki and Nakase 1998; Suzuki et al. 1999) . The proton magnetic resonance spectra of the cell wall polysaccharides of S. bombicola show a mannan similar to the galactomannans of C. apis, C. nodaensis and C. magnoliae, but different from (galacto)mannans of C. gropengiesseri and C. apicola (Spencer, Gorin and Tulloch 1970) . The cell wall of S. bombicola is less sensitive to Glucanex R 200G, containing mostly β1,3-glucanases and β1,6-glucanases, which indicates a higher β-glucan content in comparison to S. cerevisiae (control). Indeed, a total of 0.08 g soluble β-glucan per gram dried cell (CDW) was obtained from the cell walls of S. bombicola. To compare, the β-glucan content of S. cerevisiae and the opportunistic pathogen C. albicans were 0.03 g g −1 CDW and 0.025 g g −1 CDW, respectively (Kim, Chang and Yun 2004) . One S. bombicola strain, previously named Candida stellata, is described to have mannoproteins with a high mannose content ranging from 73% to 74% (w/w) in its cell wall (Giovani, Rosi and Bertuccioli 2012) .
Cell division
Starmerella bombicola is a heterothallic and mostly haploid (haplontic) yeast (Lachance et al. 2011) . Vegetative reproduction occurs by multilateral budding. During sexual reproduction, the yeast can produce a single spheroidal ascospore with a convoluted surface and a membranous basal ledge (ridge at cell surface). The spore-containing asci are short living, the ascospores are released terminally and tend to agglutinate. Strains have one of the two mating types designated arbitrarily as h+ or h−. For example, the type strain (h+) and the isotype strain (h−) of S.
bombicola are able to conjugate and form asci and ascospores (Rosa and Lachance 1998) .
BIOCHEMISTRY
Little is known about the biochemistry of S. bombicola, the notable exceptions being the substrates it requires, the sophorolipids and some other molecules it produces, and some knowledge about the regulation of sophorolipid biosynthesis. Most knowledge was gained from chemotaxonomic assays to aid the classification of novel species. For example, these have demonstrated that S. bombicola contains the ubiquinone system Q-9 (ubiquitous coenzyme with 9 isoprenyl units) and lacks galactose as neutral sugar in the cell (belonging to Subcluster IIA); (Rosa and Lachance 1998; Suzuki et al. 1999) . Both assays were used in addition to the classic phylogenetic approaches using ribosomal DNA sequence analysis to classify S. bombicola.
Substrates
As noted in the beginning of this review, most research papers (23%) mentioning S. bombicola are about substrate utilization and medium optimization. At first, publications appeared because of the unique alkane utilizing characteristic of S. bombicola (Ito, Kinta and Inoue 1980; Inoue and Ito 1982; Ito, Inoue and Uptake 1982) . Currently, the use of cheap waste stream substrates (second generation) for the production of sophorolipids is emphasized, instead of traditional substrates like glucose and vegetable oils (first generation). For the most recent review discussing first and second generation substrates in sophorolipid production, see Solaiman et al. (2018) . Instead of listing all possible substrates utilized by S. bombicola for the production of sophorolipids, here we focus on cell growth metabolites (Table 2) . Starmerella bombicola, like most yeasts in the Starmerella clade, is facultative aerobic/fermentative and osmotolerant (500 g l −1 glucose); (Rosa and Lachance 1998; Lachance et al. 2011 ). Relative to the growth (colony counts) on media supplemented with 20 g l −1 glucose, this yeast shows 24% and 18% of growth on media with 550 g l −1 and 600 g l −1 glucose, respectively. No growth was detected on 700 g l −1 glucose (Ruyters et al. 2015) . Whether the organism is Crabtree positive or negative is undescribed. With the exception of glucose, S. bombicola grows on relatively few carbon compounds (Spencer, Gorin and Tulloch 1970) . Starmerella bombicola does not assimilate inulin, melibiose, trehalose, maltose, melezitose, methyl α-D-glucoside, starch, cellobiose, salicin, Lrhamnose, L-arabinose, D-arabinose, methanol, 1-propanol, 2-propanol, 1-butanol, erythritol, ribitol, galactitol, myo-inositol, lactic acid, 2-ketogluconate, glucosamine, N-acetylglucosamine, acetone, ethyl acetate, gelatin, casein and hexadecane (Rosa and Lachance 1998) . Also, S. bombicola does not grow on lactose, due to the absence of either a lactose transport system or a β-Dgalactosidase (lactase); Kosaric 1993, 1995) . Utilization of carbon sources such as sucrose, raffinose, galactose, sorbose, xylose, ethanol (up to 7% v/v), glycerol, xylitol, mannitol, glucitol, succinic acid, citric acid, gluconic acid, glucono-Dlactone and malic acid is generally weak and highly variable depending on the strain (Rosa and Lachance 1998; Lachance et al. 2011; Ruyters et al. 2015) . Different growth conditions introduce additional variability; for example, a similar biomass and sophorolipid production has been reported when feeding S. bombicola with sucrose instead of glucose in shake flasks. When performing the same experiment in a fermenter with higher aeration (2 vvm), lower sophorolipid production but a similar Table 2 . Substrates S. bombicola can or cannot utilize. (Spencer, Gorin and Tulloch 1970; Ok and Hashinaga 1997; Rosa and Lachance 1998; Lachance et al. 2011) . Growth (+), no growth (−), variable growth (+, −) or delayed growth (D).
Semi-anaerobic fermentation
Aerobic utilization and growth
Carbon sources
Nitrogen sources
Ammonium sulfate
Additional characteristics
Acid acetic production − Gelatin liquefaction −, + Urea hydrolysis − Diazonium Blue B reaction − Starch formation − growth was observed with sucrose (Klekner, Kosaric and Zhou 1991) . Fructose consumption, usually overlooked in novel species descriptions, and fructophily (the ability to preferentially utilize fructose when fructose and glucose are both present) were also investigated in S. bombicola. The yeast was only fructophilic at high concentrations (100 g l −1 fructose and 100 g l −1 glucose). A fructose-specific facilitator gene, ffz1, assisting fructose transport was identified. Considering S. bombicola lives in environments with high sugar content and has phylogenetic relationship to fructophilic yeasts, these results were expected (Cabral et al. 2015) . Starmerella bombicola grows on hydrophobic carbon substrates such as fatty acids, fatty alcohols, alkanes, fatty acid methyl or ethyl esters and vegetable/animal oils (Ito, Inoue and Uptake 1982; Davila, Marchal and Vandecasteele 1994; Krivobok et al. 1994) . When feeding with shorter fatty acids, a toxic effect was observed: the shorter the fatty acid (C12:0 < C10:0 < C8:0), the more toxic for S. bombicola. This is probably due to the interference of fatty acids with the membranes of the yeast (Van Bogaert et al. 2010) . A poor growth of S. bombicola on C8-C22 alkanes was verified, only C10-C13 alkanes supported growth in the absence of some organic nutrient . Sophorolipids and simple derivatives such as the methyl esters of sophorolipids stimulate the growth of S. bombicola on n-alkanes (Ito, Kinta and Inoue 1980) . This is in contrast with some other n-alkane utilizing yeasts, where sophorolipids inhibit the growth on n-alkanes (Ito, Kinta and Inoue 1980) . Sophorolipids may act as a specific growth factor, but are probably not the only way to stimulate the growth of S. bombicola on C10-C20 alkanes .
Starmerella bombicola utilizes ethylamine, lysine and cadaverine as nitrogen sources, but not nitrate and nitrite. It can survive in an amino-acid-free medium, but not in a vitamin-free medium (Rosa and Lachance 1998) .
Starmerella bombicola was also defined taxonomically with the following supplements: the yeast grows slowly in the presence of 0.01% but not in 0.1% (w/v) cycloheximide, a eukaryote protein synthesis inhibitor. It cannot survive in the presence of 0.008% (w/v) digitonin and the Diazonium Blue B reaction, to differentiate between ascomycetous and hemibasidiomycetous yeasts, was negative, categorizing S. bombicola as an ascomycete (Ok and Hashinaga 1997; Rosa and Lachance 1998) .
Products
The most well-known and investigated products produced by S. bombicola are sophorolipids, a range of molecules consisting of a disaccharide (sophorose) and a ω/ω-1 hydroxy fatty acyl chain (Fig. 4) . The first report on sophorolipids was published in 1961, approximately a decade before the discovery of the yeast S. bombicola (Gorin, Spencer and Tulloch 1961; Spencer, Gorin and Tulloch 1970) . Starmerella bombicola is nowadays also used for the production of new-to-nature glycolipids. An extensive overview on this type of molecules produced by S. bombicola was recently published by Solaiman et al. (2018) .
Additionally, S. bombicola produces a range of extracellular proteins, commonly found in other fungi ). Acid production is absent to weak depending on the investigated strain. No lipolytic activity or starch production was observed (Rosa and Lachance 1998) .
Starmerella bombicola, like Yarrowia lipolytica, is able to produce a high quantity of intracellular lipids. When sophorolipid production is kept to a minimum by growing cells in 40 g l −1
glucose without a lipophilic substrate, the lipid content (triglycerides) increases monotonically, with almost no lipid content in the lag-phase, towards a higher concentration of intracellular lipids in the stationary growth phase. Cytoplasmic triglycerides were quantified with flow cytometry using the dye Nile red; and formed lipid oil droplets were observed with transmission electron microscopy (Alcon et al. 2004) . Based on the polar structure of sophorolipids, it can be excluded that sophorolipids or their intermediates are present in these lipid droplets. While never explicitly defined as such in the literature, it can be concluded from the data above that S. bombicola is in fact an oleaginous yeast. To meet the criteria for an oleaginous yeast, it has to accumulate more than 20% (w/w) triglycerides in its biomass and contain the ATP-citrate lyase genes acl1 and acl2 (Nicaud 2012; Fakas 2017) . While no quantitative data were found on the percentage of intracellular lipids, the presence of an ATPcitrate lyase in S. bombicola was already demonstrated in 1996 (Albrecht, Rau and Wagner 1996) . In addition, by sequence comparison both acl genes have been successfully identified by our research group (unpublished results).
The biosynthesis of fatty acids by S. bombicola is carried out by the fatty acid synthase I system (FAS I) and is susceptible to cerulenin, similar as in C. albicans and S. cerevisiae (Van Bogaert et al. 2008a ).
Regulation of sophorolipid biosynthesis
The majority of S. bombicola research is, as mentioned before, focused on the production of sophorolipids. As a result, many regulating effects (energy sources, pH, oxygen, cellular stage, etc.) on sophorolipid production have been described.
The growth-limiting nutrient of S. bombicola is nitrogen. When this substrate is depleted, the number of new cells created is limited, which is the onset of the so-called 'stationary phase' and the beginning of sophorolipid production (Alcon et al. 2004 ). The limitation of phosphorus was also described to increase the production of sophorolipids. Together with this, a decrease in enzyme activity of NAD + and NADP + -dependent isocitrate dehydrogenases was observed (Albrecht, Rau and Wagner 1996) . Through proteomics, a heme binding damage resistance protein 1 (DAP1) was identified as a possible regulator that stabilizes and positively regulates cytochrome P450 proteins, indicating that nitrogen and phosphorus limitations are not the sole inducers of sophorolipid biosynthesis in S. bombicola (Ciesielska et al. 2013 ).
Whether it is the C/N or C/P ratio, the absolute amount of glucose or nitrogen in the medium, the type of nitrogen source, an organic acid, a regulating protein or the physiological state of the cells; sophorolipid biosynthesis evidently has a complex regulatory system. Citrate also has an influence on which type of sophorolipids are produced, 50% versus 95% acidic sophorolipids were formed in the presence or absence of citrate, respectively . With a S. bombicola strain over-expressing the lactone esterase gene sble (see further), this effect was abolished and in both cases almost no acidic sophorolipids were produced. These results suggest another explanation than a mere effect of pH difference of the medium. The pH could have an influence on the native promotor of the sble gene, as on the other genes in the sophorolipid biosynthetic pathway. Alternatively, citrate could facilitate the uptake of metal ions, themselves having an influence upon sophorolipid production . For a review about the regulation of biosurfactant production described in yeasts, we refer to a paper of Roelants et al. (2014) .
OPTIMAL GROWTH CONDITIONS
Starmerella bombicola has a surprisingly broad range of growth temperatures. Strains have been observed to grow between 4
• C and 29-32 • C when isolated from cold climate, or between 8-10 • C and 32-34 • C when isolated from warm climate (Lachance et al. 2011 ). The doubling time of S. bombicola is unknown, but a stationary phase is typically obtained after 48 h (Alcon et al. 2004) . The influence of carbon, nitrogen, phosphorus and magnesium on the growth of S. bombicola was investigated by Casas, DeLara and GarciaOchoa (1997) . Magnesium had no significant influence, while nitrogen and phosphorus did: the biomass of S. bombicola was maximal when 1.9 g l −1 NH 4 Cl and 7.4 g l −1
KH 2 PO 4 were added. An optimized synthetic growth medium was proposed, with similar or improved growth rates compared to previously reported complex media (0.1 g l −1 NaCl 0.35 g l D-glucose, 1.9 g l −1 NH 4 Cl, 7.4 g l −1 KH 2 PO 4 , pH 5.6). Although S.
bombicola is able to grow in media with high sugar concentration (up to 500 g l −1 ), an optimal biomass yield can be obtained by using moderate quantities of glucose (approximately 12 g l −1 ); (Casas, DeLara and GarciaOchoa 1997) . Because the above optimal synthetic growth medium may hinder sophorolipid production, this medium is only recommended in a two-step process when aiming at production. Then, the yeast is grown to the stationary phase, cells are harvested and inoculated into fresh production medium (resting-cell method). This way, a maximal sophorolipid production is obtained with 100 g l −1 glucose, 100 g l −1 sunflower oil and 1 g l −1 yeast extract as production medium (Casas and García-Ochoa 1999 MgSO 4 ·7H 2 O, 0.5 g l −1 NaCl, 0.27 g l −1 CaCl 2 ·2H 2 O and a lipophilic carbon source, for example 37.5 g l −1 rapeseed oil (Lang et al. 2000) . There are several growth kinetic models available for S. bombicola, but only one model was found that describes cell growth independent of sophorolipid production (Alcon et al. 2004) . Cells were grown on glucose and ammonium as sole carbon and nitrogen sources; and the distribution of these substrates into lipids, nucleic acids and proteins was quantified with flow cytometry. Proteins were continuously more abundant than nucleic acids. Moreover, a clear relationship was observed between the formation rate of biomass and the disappearance rate of nitrogen. When nitrogen is entirely consumed, no new molecules (proteins, nucleic acids and triglycerides) are formed and the exponential growth is finalized. Based on these results, a simplified metabolism of S. bombicola was proposed: nitrogen is mainly converted to nucleic acids and proteins, while the carbon source is converted to intracellular triglycerides, nucleic acids and proteins. So, triglycerides are exclusively produced from the carbon source (Alcon et al. 2004) . When including sophorolipids in the kinetic model, nitrogen is also the limiting factor for growth; and the substrates for the biosynthesis of sophorolipids are derived from the carbon sources (glucose and oil) as well (Garcia-Ochoa and Casas 1999).
GENETICS OF S. bombicola
Originally, electro-karyotyping indicated that S. bombicola has two large chromosomes (Rosa and Lachance 1998; Sipiczki, Ciani and Csoma 2005) . However, when our group sequenced and annotated the S. bombicola genome, it was discovered that S. bombicola has three chromosomes of 2.9, 3.0 and 3.5 Mb each, with a G + C content of 48.2% (unpublished result). Other values reported on G + C content vary between 47.6% and 48.1% with a median of 47.6 (NCBI C Genome ID: 36523) and between 49.1 and 49.8 mol% (Ok and Hashinaga 1997; Rosa and Lachance 1998) . In 2015, the complete DNA sequence of the genome of S. bombicola (type strain NBRC 10243 = CBS 6009) was published for the first time (Matsuzawa et al. 2015 (Matsuzawa et al. 2015) to 4629 (our group, unpublished results) protein-coding genes predicted in S. bombicola, in comparison to 5409 proteins in S. cerevisiae. Yet, only 198 nucleotide sequence records have been described in detail. The majority of these sequences are ribosomal RNA genes (51%). The type sequences of S. bombicola CBS 6009 T are D1/D2 LSU-U45705 and SSU-AB013558. Other sequences are strongly conserved domains used for strain typing or qPCR experiments such as polymerase and housekeeping genes (17%). In addition, 40 sequences were deposited as part of patents (20%) and three records were linked to whole genome shotgun sequencing projects (2%). The remaining fraction of thoroughly characterized genes (11%) are involved in sophorolipid biosynthesis/degradation or in lipid metabolism.
Sophorolipid biosynthesis and degradation
The biosynthetic pathway of sophorolipids, comprising six genes, was largely elucidated by our lab and is described in detail below (Fig. 4A) . Three cyp genes (cyp52m1, cyp52e3 and cyp52n1) coding for cytochrome P450 monooxygenases from the CYP52 family and one gene (cpr) coding for an NADPH dependent cytochrome P450 reductase, essential to ensure the activity of the cytochrome P450 monooxygenases, are described for S. bombicola (GenBank Accession numbers: EU552419, EU552420, EU552421 and EF050789); (Van Bogaert et al. 2007a , 2009a . Based on RT-PCR experiments it became clear that only one of the three cyp genes, cyp52m1, is clearly upregulated during sophorolipid biosynthesis (Van Bogaert et al. 2009a) . This indication towards the fact that CYP52M1 is involved in the first step of the sophorolipid biosynthetic pathway was later confirmed with SILAC proteomics and mRNAseq experiments: CYP52M1 was the only CYP52 protein exclusively detected in the stationary growth phase, when sophorolipid biosynthesis occurs (Ciesielska et al. 2013) . When the three cytochrome P450 monooxygenases were further characterized and in vitro combined with the UGTA1 enzyme (see further), glycosylation of all hydroxy fatty acids generated by CYP52E3, CYP52M1 and CYP52N1 was observed, but the conversion efficiency of the combination of CYP52M1 and UGTA1 was the highest (Huang, Peter and Schwab 2014) . Final proof came when a cyp52m1 deletion strain was not able to produce sophorolipids unless supplemented with the terminal hydroxylated hydroxy fatty acid 16-hydroxy-palmitic acid (Van Bogaert et al. 2013) .
The glucosyltransferase gene ugta1 translates to the enzyme UGTA1, which is responsible for the second step in the sophorolipid biosynthesis, the glucosylation of hydroxy fatty acids (GenBank accession number HM440973); (Saerens et al. 2011a) . Shortly after this, a second UDPglucosyltransferase gene, ugtb1 was described (GenBank accession number HM440974). The corresponding enzyme UGTB1 converts the glucolipids generated by the sequential action of CYP52M1 and UGTA1 to sophorolipids (third step sophorolipid biosynthesis). Both glucosyltransferases act independently in a stepwise manner. For example, when inactivating the second enzyme UGTB1, glucolipids are produced instead of sophorolipids (Saerens et al. 2011b) . It was further demonstrated that both glucosyltransferases show specificity towards a C18:1 chain acceptor and are highly selective toward UDP-glucose (Saerens, Van Bogaert and Soetaert 2015) . In addition to ω and ω-1 hydroxy fatty acids, UGTA1 also accepts α,ω-dicarboxylic acids (18-carboxyl oleic acid) and alcohols (especially C8 and C10 alcohols) as substrates in vitro (Huang, Hinkelmann and Schwab 2015) . A third glucosyltransferase gene gtf-1, coding for the enzyme GTF-1, was described as well: GTF-1 exhibits broad activity towards sterols and hydroxy fatty acids in vitro (GenBank Accession number FJ231291); (Solaiman et al. 2014) .
The genes at and mdr, respectively coding for the acetyltransferase responsible for acetylation of de novo synthesized sophorolipids and the ATP-binding cassette transporter MDR were reported shortly after (steps 4 and 5 of sophorolipid biosynthesis, GenBank Accession numbers: HQ670751 and HQ660581); (Saerens, Saey and Soetaert 2011; Van Bogaert et al. 2013) . Through whole genome sequencing, it was revealed that all of the above mentioned genes (cyp52m1, ugta1, ugtb1, at and mdr) involved in sophorolipid synthesis are clustered together in a subtelomeric gene cluster (Fig. 4B) ; (Van Bogaert et al. 2013) .
During the sixth and last step of sophorolipid biosynthesis, the secreted lactone esterase enzyme SBLE is responsible for lactonization of sophorolipids . The corresponding gene sble (GenBank Accession number KC121031) is the only one that is not part of the biosynthetic cluster of sophorolipids . Further characterization of the acetyltransferase AT, transporter MDR and lactone esterase SBLE has been performed (Van Bogaert et al. 2013; Saerens, Van Bogaert and Soetaert 2015; Ciesielska et al. 2016) . The production of SBLE as microbial lipase by Pichia pastoris (syn. Komagataella phaffii) has also been optimized (De Waele et al. 2018) .
Very recently, it was found that a flavin-containing monooxygenase MOA (GenBank accession number KM596775) is responsible for the specific degradation of acidic sophorolipids with a C18:2 hydroxy fatty acid chain (Li et al. 2016a) . When creating a moa knock out strain, significantly more C18:2 diacetylated acidic sophorolipids were detected. The opposite occurred when over-expressing moa in S. bombicola. In vitro analysis of purified MOA after expression and purification in E. coli revealed a selectivity to catabolize C18:2 diacetylated acidic sophorolipids but not C18:1 diacetylated acidic sophorolipids. MOA is probably responsible for a cleavage of the β-glycosidic bond between the hydroxy fatty acid and sophorose (Li et al. 2016a) .
Lipid metabolism
Two fatty alcohol oxidase (FAOD) genes fao1 and foa2 were recently discovered in S. bombicola (GenBank accession numbers AB907775 and MF431618); (Takahashi, Igarashi and Hagihara 2016; Van Renterghem et al. 2018) . The strong FAOD activity of FOA1 is responsible for the conversion of medium and long chain primary alcohols (C4-C16) to their corresponding fatty acids (Takahashi, Igarashi and Hagihara 2016) . Deletion of fao1 prevented the growth of S. bombicola on primary alcohols as carbon source, decreased the alcohol activity in the microsomal fraction by ∼90% and revealed the presence of an enzyme with ω and ω-1 hydroxylation activity toward alcohols in S. bombicola (Takahashi, Igarashi and Hagihara 2016) . By sequence comparison of fao1, a second putative fatty alcohol oxidase foa2 gene was identified (32% similarity). No alcohol oxidation activity of FOA2 has been reported on long-chain alcohols (Van Renterghem et al. 2018) . The fao1 and foa2 genes possibly code for the first enzymes ever identified in S. bombicola, discovered for their capability of oxidizing long chain alcohols (Hommel and Ratledge 1990) . Aliphatic alcohols, especially decanol and tetradecanol, and long chain diols but no ω-hydroxy fatty acids were oxidized. No ω-1 hydroxy fatty acids could be tested due to the lack of a commercial substrate. Because of two pH optima and temperature stabilities, two separate NAD(P) + -independent enzymes were expected, as confirmed later on. The first FAOD was most specific for tetradecanol, works at pH 8.1-8.3, is temporary heat stable at 30
• C and active independent whether it was grown on glucose or hexadecane. The second enzyme is more specific for decanol, works at pH range of 7.6-8.75 and is less stable at 30 • C. Both enzymes are stable at 25
• C for at least 15 min (Hommel and Ratledge 1990) . These FAOD were further investigated in two S. bombicola strains upon growth with alkanes (Kemp, Dickinson and Ratledge 1994) . FAOD from the different strains (NRRL-Y-7506 and ATCC 22214 T = CBS 6009 T ) shared similar characteristics with respect to substrate specificity and pH optimum (Kemp, Dickinson and Ratledge 1994) . The optimum substrate activity, measured with membrane precipitations, occurred towards C10-12 alcohols at a pH of 9.0-9.2. In contrast to FAOD activity in other yeasts and molds, the activity of S. bombicola ATCC 22214 T was not repressed in glucose-grown cells. This constitutive expression of FAOD is unique for the type strain and was not observed in the other S. bombicola strain NRRL-Y-7506 (Kemp, Dickinson and Ratledge 1994) . The two other abovementioned cytochrome P450 monooxygenases from the CYP52 family (CYP52E3 and CYP52N1) are thought to be involved in alkane metabolism of S. bombicola (Van Bogaert et al. 2009a; Huang, Peter and Schwab 2014) . Both genes are down-regulated in the presence of rapeseed oil but stay at the same expression level when grown on hexadecane. Whereas cyp52e3 is expressed constitutively, the expression level of cyp52n1 is threefold higher in the stationary growth phase (Van Bogaert et al. 2009a) . In spite of the down-regulation of both genes in the presence of fatty acids, resting cells expressing CYP52N1 are able to oxidize C14-C20 saturated and unsaturated fatty acids to ω-hydroxy fatty acids (Huang, Peter and Schwab 2014) . In resting cells containing CYP52E3, minor ω-hydroxylation activity against some fatty acids was observed. Though active in the presence of alkanes, no enzymatic conversion of hexadecane and octadecane occurred by CYP52E3 and CYP52N1. Therefore, CYP52E3 and CYP52N1 are probably involved in alkane metabolism but not in the initial oxidation step of alkanes (Huang, Peter and Schwab 2014) .
One gene of the β-oxidation, coding for the multifunctional enzyme type 2 (MFE-2), was identified and deleted in S. bombicola for the production of medium-chain length sophorolipids (GenBank accession number EU371724); (Van Bogaert et al. 2009b) .
Lastly, a gene encoding for the long-chain acyl-CoA synthetase (ALCS, GenBank accession number KU172439) was identified in S. bombicola. This enzyme is putatively identified as a membrane-bound long-chain fatty acid transport protein and contributes to the uptake of long-chain fatty acids (Li et al. 2016b) .
Tool development
From the identification and characterizing methodology of S. bombicola genes and proteins, it is clear that both fundamental and applied research evolves faster when genetic modification of the studied organism is possible. The need for the creation of an industrially useful S. bombicola strain by genetic manipulation was first discussed in 1988. No genetic analysis or modification of S. bombicola had been, as far as is known, attempted until then (Spencer, Spencer and Reynolds 1988) . With the aid of N-methyl-N'-nitro-N-nitroso guanidine, the first S. bombicola mutants were created in 1994. Both inositol or methionine auxotrophic strains and cytochrome oxidase negative mutants were developed to demonstrate that a deficiency in cytochrome oxidase, resulting in a respiratory deficient strain, did not affect the ability to produce sophorolipids. Since sophorolipid production is an energy-consuming pathway in the facultative aerobic yeast S. bombicola, oxygen dependent respiration was thought to be the principal energy source. Yet, in the absence of an active cytochrome oxidase, cells were viable and sophorolipid production remained, suggesting an alternative way of respiration (cyanideinsensitive respiratory); (Hommel, Baum and Kleber 1994) .
The development of the first tool for targeted genetic modification existed out of the identification and characterization of the orotidine-5'-phosphate decarboxylases gene (ura3) of S. bombicola (GenBank Accession number DQ916828); (Van Bogaert et al. 2007b) . Consequently, a transformation and selection system was published by our research group. A uracil auxotrophic S. bombicola mutant could successfully be transformed back with its own ura3 gene (Van Bogaert et al. 2008b) . A second selection marker was later described, namely a hygromycin resistance gene cloned behind promoter fragments of the glyceraldehyde-3-phosphate dehydrogenase gene of S. bombicola (GenBank Accession number EU315245); (Van Bogaert et al. 2008c) . Later on, the use of native phosphoglycerate kinase, elonase and galactokinase promoters (GenBank accession numbers KT284719, KT728573 and KU172440) was described as well (Li et al. 2016a (Li et al. , 2016b Roelants et al. 2016) . For an update on the current state-of-the-art concerning tools and methods available for engineering and evaluating S. bombicola, we refer to one of our manuscripts in preparation . Recently, we also published a stepwise approach on how to transform nonconventional yeasts or fungi based on our experience with S. bombicola. The emphasis there lies on genetic engineering towards new-to-nature glycolipids (Lodens et al. 2018b ).
Omics impact
After performing whole genome sequencing of S. bombicola in 2013, the whole sophorolipid biosynthetic cluster was identified (Van Bogaert et al. 2013) . Before this, identification of sophorolipid biosynthetic genes had to occur one by one using sequence homology searches and genome walking experiments (Van Bogaert et al. 2009a; Saerens et al. 2011b Saerens et al. , 2011a Saerens, Saey and Soetaert 2011; Solaiman et al. 2014) . Shortly after this, the first proteomics experiment was performed in S. bombicola. Hence, all identified enzymes involved in sophorolipid biosynthesis and their expression levels, depending on culture conditions, could be identified simultaneously as well. Moreover, the availability of a genomic sequence improved the protein identifications (Ciesielska et al. 2013) . Both mentioned genomics and proteomics experiments were insufficient to identify the lactone esterase gene, but this was done successfully through exoproteomics analysis . To conclude, the omics approaches work synergistically, and S. bombicola research gained momentum.
CONCLUSIONS
With this review, all (non-production related) knowledge on S. bombicola was systematically collected for the first time with the aim of clarifying contradictions in literature and of giving a global view upon the yeast its characteristics.
Since the discovery of S. bombicola almost four decades ago by Spencer et al., more than 30 different strains have been isolated and a Starmerella clade has been identified. The complete genome and about 200 nucleotide sequences have been described in detail, including the genes responsible for sophorolipid biosynthesis. Genetic modification was made possible and omics technologies were enabled. In addition, some aspects of the cell biology and biochemistry of S. bombicola were unraveled.
These improvements however, do not even come close to the progress made in conventional yeasts like S. cerevisiae. It is clear that more research is needed to improve the fundamental knowledge on S. bombicola. For example, big amounts of intracellular triglycerides were detected in stationary S. bombicola cells in the absence of sophorolipid biosynthesis, but no estimates per cell weight were described, making it hard to evidence the status of oleaginous yeasts (Alcon et al. 2004) . More importantly, why and how S. bombicola maintains the ratio between intracellular neutral lipids and extracellular sophorolipids; and how the carbon flow can be redirected towards sophorolipid biosynthesis remains unrevealed. Also, when knocking out the fatty alcohol oxidase fao1 gene, novel enzyme activities were discovered, but not yet further investigated (Takahashi, Igarashi and Hagihara 2016) . In the case of a deletion of foa2, no enzymatic function was decided, only the observation of an increased glucose uptake in comparison with its background strain (Van Renterghem et al. 2018) . As a final example, what are the exact functions of the cytochrome P450 monooxygenases CYP52E3 and CYP52N1 in S. bombicola? Both genes are upregulated in the presence of alkanes but cannot utilize them. Instead, the enzymes show in vitro ω-hydroxylation activity against fatty acids, while the genes are known to be down-regulated in the presence of these substrates (Van Bogaert et al. 2009a; Huang, Peter and Schwab 2014) . So what is their role in lipid metabolism if not directly in alkane oxidation? These unknown pathways mentioned above are indirectly related to sophorolipid production, but how is again unclear. During the characterization of some sophorolipid biosynthetic proteins, the involved enzymatic cascade revealed partly why difficulties in tailoring glycolipids are encountered; again pointing out the hardly understood complexity of S. bombicola metabolism (Saerens, Van Bogaert and Soetaert 2015) . What is crystal clear, is that the regulation of sophorolipid synthesis, already intensively investigated in the past, will never reveal one simple answer (Roelants et al. 2014) .
To conclude, the impact of our fundamental knowledge about S. bombicola on sophorolipid production has been systematically underestimated, but is in fact enormous, especially when the aim is to exploit this non-conventional yeast as platform organism for (new-to-nature) biochemicals. We believe that this yeast has a realistic potential in this aspect, especially for amphiphilic and/or lipophilic compounds.
FUNDING
This work was supported by the Bio Based Industries Joint Undertaking under the European Union's Horizon 2020 research and innovation programme under grant agreement No 669003.
